Abstract: A 7.07-kW Yb:YAG composite crystal zigzag slab amplifier at room temperature is developed and demonstrated, the optical-to-optical efficiency is about 29.5% and the slope efficiency is 39.5%, respectively, with the pumping power of 19.98 kW and the incident seed laser power of 1.18 kW. The influence of the pump coupling efficiency, the intensity of the seed laser, and the temperature to the extracted power from the Yb:YAG slab are analyzed by simulation. The fluorescence distribution at the end face and the transmission wavefront of the Yb:YAG slab are measured, the nonuniformity of the fluorescence distribution is less than 6%, and the P-V value of the transmission wave front distortion is less than 1.6 μm.
Introduction
Scaling power to high level simultaneously keeping good beam quality for diode pumped solid state laser is mainly limited by the thermal effect and the ratio of gain-to-loss. Compared with Nd:YAG lasers, there is lower thermal load in Yb:YAG lasers mainly because of lower quantum defect [1] - [3] , so the Yb:YAG gain medium can bear higher pumping power than Nd:YAG and keep the excellent mechanical feature of the YAG substrate. Furthermore, there is wide spectrum both for the absorption wavelength around 941 nm and the emission wavelength around 1030 nm [4] . Yb:YAG gain medium is reasonably investigated as a promising gain medium for obtaining high power lasers in spite of the quasi-three-level nature at room-temperature [5] .
As the typical architecture of Yb:YAG laser, disk lasers have been scaled over kilowatts output in the resonator of the single disk with multimode [6] - [9] . The tiny thickness of gain medium makes heat dissipating more easily and multi-pass pumping scheme could make the doping concentration lower. But it is still difficult to scale further of laser power output at the same time keeping good beam quality. Master oscillator and power amplifier system has been demonstrated as an effective way to achieve high power laser output. In 2010, with the MOPA system based on a scheme of two cascaded Inno-slab geometry, and the laser output power of 1.1 kW is reported by P. Russbueldt [10]. Till date, the output power of the Nd:YAG zigzag slab lasers has been over 15 kW demonstrated by [11] . In the zigzag slab geometry, the extracting laser beam propagates in a zigzag path mitigating the thermal optical path distortions caused by thermal gradient in the thickness direction. The pump intensity in the width direction is homogenized by appropriate end-pumping design. In 2016, based on the MOPA system, the output power of 3.54 kW Yb:YAG crystal amplifier is reported by [12] .
In this paper, we have demonstrated a dual-end pumped Yb:YAG slab amplifier obtaining a maximal output power of 7.07 kW, the optical-to-optical efficiency is about 29.5% and the slope efficiency is 39.5%. As we know, it is the highest output power obtained in the Yb:YAG zigzag slab laser amplifier at room-temperature. The influence of the coupling efficiency, the intensity of the seed laser and the temperature to the output power is analyzed by numerical simulation. The non-uniformity of the fluorescence distribution at the end is less than 6%, and the P-V value of the single-pass transmission wave front distortion is less than 1.6 μm.
Design of Yb:YAG Composite Crystal Slab
The energy levels scheme for Yb:YAG is shown in Fig. 1 , the 2 F 7/2 manifold splits into four Stark levels and the 2 F 5/2 manifold splits into three Stark levels. The laser transition 2 F 5/2 − 2 F 7/2 has a terminal level 612 cm −1 , so the terminal state is thermally populated making Yb:YAG a quasi-three level system. Being a quasi-three-level laser, Yb:YAG absorbs at 1030 nm unless it is pumped to inversion. The absorbed pump power per volume needed to achieve and maintain transparency at the laser wavelength is given by
where n is the population density of Yb:YAG, f Fig. 2 . One of the main peaks of the absorption spectrum is around 941 nm and the main peak of the emission spectrum is around 1030 nm, and there is another tiny self-absorption peak around 1030 nm. The length of the doped region is designed to be 13 cm, and the doping length and the concentration must satisfy the following two conditions [13] : First, the absorption efficiency of the pumping light should be not less than 95%; second, the heat deposition power density on the bonding interfaces should be equalized with each other. According to above conditions, one kind of the dual concentration doping designs is as follows: the lengths of the lower doped region are both 5 cm, and the absorption coefficient is 0.186 cm −1 ; the length of the higher doped region is 3 cm, and the absorption coefficient is 0.372 cm −1 . The absorption coefficient of the Yb:YAG at 941 nm is given by
where σ a is the effective absorption cross-section at 941 nm, n l is the population density on 2 F 7/2 manifolds, n u is the population density on 2 F 5/2 manifold, and f [14] , when the working temperature of Yb:YAG is 355 K, n l = 0.9 n and n u = 0.1 n, then we can calculate the doping concentrations to be as follows: the doping concentration of the lower doped region is 0.24 at.% and the doping concentration of the higher doped region is 0.48 at.%.
Experiment and Analysis
The cutting angle on the end faces of the Yb:YAG crystal zigzag slab (the Yb:YAG crystal supplier is DJ-LASER INC.) is 45°, the total length and the thickness of the Yb:YAG crystal zigzag slab are 149.5 mm and 2.0 mm respectively. The sketch map of the laser beam propagating in the zigzag slab is shown in Fig. 3 . When the laser beam doesn't split on the end of the slab, the constraint condition is given by [13] ⎧ where L is the total length of the slab, t is the thickness of the slab; N is the number of bounces when the laser beam propagating in the zigzag slab, β is the angle of reflection on the top and bottom surface, θ and γ are the angle of incidence and the angle of refraction on the end face respectively, and n YAG = 1.82 is the refractive index of Yb:YAG. According to (3) and the dimensions of the zigzag slab, the angles of incidence on the end face of the slab with different number of bounces are listed in Table 1 .
The sketch map of the double-pass laser amplifier for the Yb:YAG crystal slab is shown in Fig. 4 , M 1 , M 2 , M 3 and M 4 are all planar reflectors, F 1 and F 2 are both spherical lens with the focal length of 340 mm. The Yb:YAG crystal slab is end-pumped symmetrically, the apertures of the pumping light and the seed laser are both 15.0 mm × 2.0 mm, the pumping coupling efficiency is only about 85%, the power of the seed laser is 1.18 kW, and the angles of incidence on the end face are 45.0°a nd 28.8°respectively. Each LDA consists of 80 diode bars, the 80 diode bars are divide into two columns. The width and the height of the two columns are both 76 mm and 11 mm respectively, the divergence angles are about 8°in the slow axis (height) and about 0.25°in the fast axis (width) respectively. Because the two columns are combined together by space superposition, then the beam aperture of the LDA is still 76 mm × 11 mm. The threshold current of the LDA is about 20 A, and the maximal output power of the single diode bar is up to 180 W at the current of 200 A. In our experiment, the output power of single diode bar is about 125 W at the current of 140 A, so the pumping power of each LDA is about 10 kW and the total pumping power is about 20 kW. The pumping light of the LDA is focused into an isosceles right triangle quartz waveguide (the equivalent optical length and the thickness of the quartz waveguide are 120 mm and 7.5 mm respectively, and the pumping light reflects on the hypotenuse of the quartz waveguide with incidence angle of 45°, which conforms to total internal reflection), then the pumping light is delivered into the end of the Yb:YAG slab through an optical system with two times beam expander in the slow axis and focusing in the fast axis, and the focal length of the focusing lens in fast axis is about 200 mm.
The transmission efficiency of the seed laser measured at different incident power without pumping is listed in Table 2 . When the power of the seed laser increases, the population on 2 F 7/2 manifold will decrease, then the transmission efficiency will rise gradually.
The output laser power and the optical-to-optical efficiency of the Yb:YAG crystal slab amplifier measured in experiment are shown in Fig. 5 , and the average temperature of the Yb:YAG slab measured by FLIR A320 thermal camera in experiment is about 355 K. The total pumping power of the LDA would be 3.16 kW when the output laser power is equal to 1.18 kW, the output laser power and the optical-to-optical efficiency both rise gradually with the total pumping power increasing. The output power increases to 7.07 kW and the optical-to-optical efficiency rises to 29.5% while the total pumping power increases to 19.98 kW.
According to our previous experiment results on Nd:YAG ceramic zigzag slab [13] , the size of the Nd:YAG ceramic zigzag slab is 150.2 mm × 30.0 mm × 2.5 mm and the double-pass extracted power is 7.08 kW, then we can calculate the power-to-volume ratio of the Nd:YAG ceramic slab is about 0.63 kW/cm 3 . At the same time, we can calculate the power-to-volume ratio of the Yb:YAG crystal slab is about 1.31 kW/cm 3 in this paper, so the power-to-volume ratio of the Yb:YAG is much higher than Nd:YAG.
We will calculate the output laser power of the Yb:YAG slab double-pass amplifier by numerical simulation. In order to simplify calculation, we assume that the laser beam propagates in straight line within the slab as approximate processing.
The laser gain coefficient and the absorption coefficient of the pumping light are given by
where I 1 and I 2 are the intensities of the forward laser and the reverse laser respectively in the slab, I 3 and I 4 are the intensities of the forward pumping light and the reverse pumping light respectively in the slab, I s p and I sl are the saturated pumping intensity and saturated laser intensity of the Yb:YAG crystal respectively. According to the definition of the saturated pumping intensity and the saturated laser intensity, the saturated pumping intensity and the saturated laser intensity are given by
In the double-pass laser amplifier, the laser intensity will alter along with the gain coefficient and the scattering loss as follows
where g(z) is the laser gain coefficient at the coordinate of z, δ = 0.002 cm −1 is the scattering loss of the Yb:YAG crystal.
At the same time, the pumping light intensity will alter along with the absorption coefficient as follows
where α(z) is the pumping light absorption coefficient at the coordinate of z.
The transmission loss of the image relaying system measured in our experiment is about 0.75%, then
The absorption cross-section of the Yb:YAG at 941 nm and the emission cross-section of the Yb:YAG at 1030 nm alter along with the temperature increasing as follows [14] , [15] 
According to (10) and (11) The influence of the coupling efficiency and the average temperature to the output power calculated by numerical simulation is shown in Fig. 6 . The theoretical output power of the double-pass amplifier is 7.51 kW when the pump coupling efficiency is 85% and the average temperature of the Yb:YAG slab is 355 K. The theoretical result is 0.44 kW higher than the experiment result, which is mainly caused by the process of numerical simulation without considering ASE effect. At the same time, the absorption efficiency of the pumping light calculated by numerical simulation is only 84.3%, there are three main factors: first, the power extraction effect of the double-pass laser amplifier is not enough, the population density on the 2 F 7/2 manifold is deficient; second, the absorption cross-section of the Yb:YAG to the pumping light will decrease with the temperature of the Yb:YAG slab rising; third, the central wavelength of the LDA deviates from the absorption peak of the Yb:YAG crystal. The double-pass extracted power from the Yb:YAG slab under different intensity of the seed laser (we assume that the total pumping power and the average temperature of the Yb:YAG slab are both constant) calculated by numerical simulation is shown in Fig. 7 . We can see that the extracted power from the Yb:YAG slab increases gradually with the intensity of the seed laser rising, while the incident intensity of the seed laser in our experiment is only about 4 kW/cm 2 , so the double-pass extracted power is about 6.3 kW and the amplified laser power is about 7.5 kW.
The fluorescence distribution measured at the end face of the Yb:YAG zigzag slab is shown in Fig. 8 , and the non-uniformity of the fluorescence distribution is less than 6%.
The single-pass transmission wavefront of the Yb:YAG slab at the total pumping power of 19.98 kW is shown in Fig .9 , and the P-V value of the transmission wavefront distortion among the 14.4 mm region in the width direction of the slab is less than 1.6 μm.
Conclusion
The Yb:YAG composite crystal slab is designed, the amplified laser power is 7.07 kW when the total pumping power is 19.98 kW and the incident power of the seed laser is 1.18 kW, the opticalto-optical efficiency is about 29.5% and the slope efficiency is 39.5%. The influence of the coupling efficiency, the intensity of the seed laser and the temperature to the extracted power from the Yb:YAG composite slab is analyzed by numerical simulation. The fluorescence distribution at the end face and the transmission wavefront of the Yb:YAG slab are measured, the non-uniformity of the fluorescence is less than 6%, and the P-V value of the single-pass transmission wave front distortion is less than 1.6 μm. We will enhance the incident intensity of the seed laser and suppress the ASE in the Yb:YAG zigzag slab further by bonding Cr 4+ :YAG cladding on the sides of the Yb:YAG slab, then the output power and the optical-to-optical efficiency may rise effectively.
